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a b s t r a c t
Argillaceous rocks are being considered as potential host rocks for deep geological disposal. For the
research work in DECOVALEX-2011, 5 participant research teams performed simulations of a labora-
tory drying test and a ventilation experiment for Mont Terri underground laboratory built in argillaceous
rock formation. Our study starts with establishing a coupled thermo-hydro-mechano-chemical (THMC)
processesmodel to simulatewater transport in rock around the ventilated tunnel. Especially in this THMC
formulation, a three-phase and two-constituent hydraulic model is introduced to simulate the processes
which occur during tunnel ventilation, including desaturation/resaturation in the rock, phase change and
air/rock interface, and to explore the Opalinus clay parameter set. It can be found that water content
evolution is very sensitive to intrinsic permeability, relative permeability and capillary pressure in clay
rock. Water loss from surrounding rock is sensitive to the change of permeability in clay which is induced
by excavation damaged zone. Chemical solute transport in the rock near ventilation experiment tunnelECOVALEX is simulated based on the coupled THMC formulation. It can be estimated that chemical osmotic ﬂow
has little signiﬁcance on water ﬂow modeling. Comparisons between simulation results from 5 teams
and experimental observations show good agreement. It increases the conﬁdence in modeling and indi-
cates that it is a good start for fully THMC understanding of the moisture transportation and mechanical
behavior in argillaceous rock.
© 2013 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. All rights reserved.
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f. Introduction
Argillaceous formations are being investigated worldwide as
ostmedia for the disposal of high-level radioactivewaste, because
f their favorable properties. In Switzerland, the Mont Terri rock
aboratory was created in 1995 in an argillite layer (called Opalinus
lay) to characterize and study the geological, hydrogelogical, geo-
hemical and geotechnical properties of this clay formation (Thury
nd Bossart, 1999). It is located in northwest Switzerland, about∗ Corresponding author. Tel.: +86 27 87199185.
E-mail address: liuxiaoyan09202@163.com (X. Liu).
eer review under responsibility of Institute of Rock and Soil Mechanics, Chinese
cademy of Sciences.
674-7755 © 2013 Institute of Rock and Soil Mechanics, Chinese Academy of
ciences. Production and hosting by Elsevier B.V. All rights reserved.
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b00m beneath the hill, as shown in Fig. 1 (Martin and Lanyon,
003). TheOpalinus clay formed in the Jurassic Sea around 180mil-
ion years ago, and its name is derived from a key fossil, Leioceras
palinum whose surface is opalescent. In Mont Terri rock labora-
ory, heavily instrumented experiments have been designed and
nstalled to supply a large amount of data, which can be further
sed for model validation. Among these experiments, the venti-
ation experiment (VE) has been carried out in a micro-tunnel to
tudy the desaturation process, which may happen because of the
orced ventilation in galleries and drifts, during the construction
nd operation phases of the repository. One common interest of
ECOVALEX-2011 (D2011), the 5th stage of DECOVALEX project,
ocused on hydraulic and mechanical behaviors of Opalinus clay
f repository tunnel in Mont Terri rock laboratory. Speciﬁcally
he following issues are involved: desaturation/resaturation, phase
hange, air/rock interface, and damage/microcracking of the host
ock due to hydro-mechanical and/or chemical effects (Floría et al.,
002).The signiﬁcance of the study lies in the fact that all tunnels in
he nuclearwaste repositorywill be subjected to ventilation effects
o some extent during the operational phase of the facility. It is
elieved that argillaceous rocks may be especially sensitive to this
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Sig. 1. Isometric view and location of the Mont Terri rock laboratory (Martin and
anyon, 2003).
ype of actions (Tsang et al., 2008). During the construction and
perational phases of a repository, the ventilation of the openings
y relatively dry air and the subsequent backﬁlling with unsatu-
ated materials will lead to evaporation of the pore water from
he surrounding rock. After closure of the repository, the previ-
usly de-hydrated rock returns to its original saturated conditions.
unnel ventilation dehydrates the rock near the tunnel, and the
ir entry into the rock results in two-phase ﬂow conditions with
educed effective hydraulic conductivity. For plastic and indurated
lays, tunnel ventilation and rock saturation–resaturation cycles
igniﬁcantly change rock plasticity and strength parameters. The
ock creep and self-sealing effect, occurring in the clay formations,
s a strong function of the water content. On the other hand, the
ydraulic changes in rocks increase or reduce the effective stress,
esulting in fracture–aperture and permeability changes.
Therefore, it is essential to model the in situ VE (laboratory dry-
ng experiment by Floría et al. (2002)) and offers the possibility to
alibrate Opalinus clay’s parameter set. The main objectives of this
tudy are to verify numerical models of the hydraulic processes
ccurring in surrounding rock during ventilation.
. Coupled thermo-hydro-mechanical formulations
.1. Summary of the thermo-hydro-mechanical formulations
The formulations used by the different D2011 teams aim at the
esolution of water, air and heat ﬂow in deformable porous media
Garitte et al., 2013). The ﬁve different teams (Chinese Academy
f Sciences (CAS), Commissariat à l’Energie Atomique (CEA),
apan Atomic Energy Agency (JAEA), Quintessa Ltd. (Quintessa),
o
T
t
able 1
ummary of the codes and balance equations used by the D2011 teams.
Team Code Water balance Solid balan
CAS FRT-THMC × ×
CEA CAST3M × ×
JAEA THAMES × ×
Quintessa QPAC × ×
UoE RockFlow/GeoSys ×otechnical Engineering 5 (2013) 145–155
niversity of Edinburgh (UoE)) used ﬁve different codes. The for-
ulations used differ slightly from team to team depending on the
apacities of each code. The code and the balance equations used by
ach of the teams are summarized in Table 1, in which “×” means
he process is implemented in code. Further general information
s given hereunder. We intend to embrace the common features
f the different teams and to point out some differences. We refer
o the teams individual reports for more speciﬁc information. The
escription of the water mass balance and the associated consti-
utive laws was given more importance, as it was found to be the
quation governing the most important processes.
FRT-THM is a ﬁnite element simulator used by CAS. It is a com-
ination of home-made C codes, Matlab® and its toolbox Femlab®.
equence of solving partial differential equations can be controlled
y C codes and script language of Matlab. It brings the power of
umerical analysis into multiphysics analysis through an interac-
iveenvironment. Someof themain featuresof combined simulator
nclude easy modeling, improvising and customizing, and the sim-
licity with which non-standard computations can be run. Femlab
s a tool for exploration and quick insight into physics, models, and
arameters. In this study, chemical solute transport is included to
odel solute osmotic water ﬂow. Therefore, the enhanced simula-
or should be called FRT-THMC.
CAST3M, used by CEA, is a general purpose object oriented
nite element code. Development of CAST3M started at the CEA
n the early 1980s (Verpeaux et al., 1989) and aimed originally at
tructural and ﬂuid mechanics problems. Any problem is treated
s an operation sequence deﬁned by the users. More than 300
lementary operators are available in CAST3M. They are used for
re-processing tasks (e.g. mesh), heat transfer, mechanical and
tructural analyses, ﬂuid dynamics, magneto-static analyses, and
ost-processing tasks. A wide variety of elements are available.
he program iswidely used in France, and inmany universities and
esearch centers, because it offers a real tool-box for solving uncon-
entional problems, often the cases in a research and development
nvironment. It has been intensively validated by comparison to
nalytical solutions, experimental results, international compara-
ive benchmarks, etc.
THAMES is a ﬁnite element code for the analysis of
oupled thermo-hydro-mechanical (THM) behaviors of
aturated–unsaturated medium. THAMES has been extended
o take account of the behaviors in the buffer materials such as
he water movement due to thermal gradient and the swelling
henomena. The unknown variables are total pressure, displace-
ent vector and temperature. The mathematical formulation for
he model utilizes Biot’s theory, with the Duhamel–Neuman’s
orm of Hooke’s law, and energy balance equation. The governing
quations are derived with the fully coupled THM relationships.
his code has been validated with the data of the laboratory tests
Chijimatsu et al., 1998), the engineered scale tests and the in situ
xperiments (Chijimatsu et al., 2000).
QPAC is Quintessa’s general purpose ﬁnite volume code, cur-r Linux operating systems. QPAC has been developed under the
ickIT quality management system and can be used as a modeling
ool to solve awide rangeof problems including thosewith strongly
ce Air balance Energy balance Stress equilibrium
× × ×
×
× ×
× × ×
×
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oupled nonlinear processes. It is possible to simultaneously farm-
ut runs tomultiplemachines, and this canbeusefulwhenmultiple
r probabilistic calculations are undertaken.
RockFlow/GeoSys is an environmental simulation software tool
nd a case study involvingHTMC coupled processes for geothermal
eservoirs. TheGeoSys/RockFlow code, original RockFlow code, has
een developed now for over 30 years. It is based on an object ori-
ntated approach which allows the easy development of modules
peciﬁc to modeling requirements for a whole variety of multidis-
iplinary ﬁelds. Most common problems are described by a series
f partial differential equations, either coupled or uncoupled.
.2. Hydraulic model
In argillaceous rocks around tunnel, rock mass mechanical
ehaviors are affected by water content in porous media. In pore
pace,water shall transport in liquid phase in response to hydraulic
radients, and also shall transport in the gaseous phase as water
apor due to moisture gradient according to Fick’s law and air
onvection. Then the conceptual hydraulic model used in CAS
eam’s THM formulation combines three independent processes:
a) advective ﬂow of liquid water, (b) advective and diffusive ﬂow
f water vapor, and (c) advective and diffusive ﬂow of dry air.
Our governing equations are developed using a systematic
acroscopic approach. Two constituents (water and gas) and three
hases (solid, liquid, vapor, and dry air) are identiﬁed in thismodel.
ach phase is viewed as an independent continuum. Total gas pres-
ure equals vapor pressure plus dry air pressure. We assume all
as phases obey the ideal gas law. In saturated–unsaturated cou-
led HM framework (solid phase model is independent (Liu et al.,
006)), porewater pressure, pore vapor pressure, pore dry air pres-
ure,matrixdisplacementvectorare introducedas the fourprimary
ariables in a three-dimensional (3D) boundary value problem. The
hysical processes, taking into account the purposes of constitutive
odeling, include pore ﬂuid transport, phase exchange (evapora-
ion and condensation), matrix deformation due to the changes of
echanical ﬁeld and water content.
.2.1. Water transport model
The most common method of modeling liquid ﬂow in unsat-
rated media is to combine the equation of linear momentum
alance for the liquid phase with the mass balance equation of the
uid. The interaction between water and gas ﬂow ﬁelds is estab-
ished through the soil–water characteristic curve describing the
ependency of the volume fraction occupied by degree of satu-
ation on suction at a given temperature, and through the phase
xchange term, describing the water transfer from liquid phase to
as phase in a vapor form, and vice versa.
The differential equation governing water ﬂow through an
nsaturated porous medium is
∂Sl
∂s
∂(pv + pa − pl)
∂t
− ∂
∂xi
[
krlklij
l
(
∂pl
∂xj
+ lgi
)]
= jlg (1)
here
=
[
1 +
(
pg − pl
P
)(1/(1−))]−(
1 − pg − pl
Ps
)s
(2)
rl =
√
Sl[1 − (1 − Sl1/)

]
2
(3)lg = Ke(es − e) (4)
here pl, pv and pa are the pore pressures of water, vapor and dry
ir, respectively; is themediumporosity; t is the time; xi and xj are
he space coordinates; gi is the gravity acceleration; l and l are
k
w
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he density and viscosity of water, respectively; Sl is the saturation
f matrix; s is the suction, depending on pg − pl; pg is the pressure
f gas; P and Ps are the air entry suctions;  and s are the shape
actors for pore space; klij is the intrinsic permeability of matrix; krl
s the relative permeability of water in two-phase ﬂow system; jlg
enotes the rate of moisture transfer between the liquid phase and
he gas phase (negative for condensation and positive for evapo-
ation), which can be described using Dalton’s equation (Eq. (4));
e is the liquid phase change coefﬁcient; e is the vapor pressure;
nd es is the saturated vapor pressure in contact with liquid over
planar surface, which can be obtained using the psychrometric
aw:
s = es-free exp
(
−pg − pl
TvR
)
(5)
here T is the temperature;v is the vapordensity;R is the gas con-
tant; and es-free is the saturated pressure on free surface, which is
function of temperature only and can be obtained using empirical
apor pressure data (Maid, 1992):
s-free = 611 exp
(
17.27T
237.3 + T
)
(6)
Therefore, water tension effects due to the presence of capil-
ary suction reduce the saturated vapor pressure thus decrease the
vaporation rate.
For liquid phase, the mobility of water is characterized by rela-
ive permeability, which is in turn related to suction via saturation,
s shown in theVanGenuchten equations. The change of saturation
ue to suction also induces the change of volume fraction occupied
y liquid phase. We deﬁne a storage parameter for the water ﬂow
hat reﬂects the effect of porous water storage.
.2.2. Chemical osmotic ﬂow
When chemical transport in water is considered, additional
riving force should be introduced into water ﬂow model:
∂Sl
∂s
∂(pv + pa − pl)
∂t
− ∂
∂xi
[
krlklij
l
(
∂pl
∂xj
+ lgi
)
− krlk˘ij
l
∂˘
∂xj
]
= jlg (7)
here ˘ = CRT represents osmotic pressure and obeys the van’t
off relationship, in which C is molar concentration of the solute,
nd R is the gas constant.
.2.3. Vapor model
The vapor transport is described as the combination of two pro-
esses: (a) diffusion due to vapor gradient, and (b) advection.
First, advective ﬂux is calculated as
advection = −
krgkvij
v
(
∂pv
∂xj
+ vgi
)
(8)
here kvij is the intrinsic permeability of matrix, krg is the relative
ermeability of gas phase in two-phase ﬂow system, and v is the
ynamic viscosity.
When the pores are small and the pressure is also low, the
ean free path of gas molecules may be comparable to the pore
izes. When this happens, slip takes place and the assumption of
urely laminar ﬂow is no longer valid (Olivella and Gens, 2000).
nudsen diffusion effect will be introduced in apparent intrinsic
ermeability with the following form:( )
vij = k0ij 1 +
b
pv
(9)
here k0ij is the initial intrinsic permeability of matrix, and b is the
linkenberg parameter.
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Second, diffusive ﬂux is calculated as
diffusion = −SgD
∂ωv
∂xj
(10)
here  is the tortuosity, Sg is the degree of gas saturation, D is a
oleculardiffusioncoefﬁcient forvapor, andωv is themass fraction
f vapor in gas mixture.
For gas phase, another cause of volume change comes from
he compressibility of gas includes vapor and dry air. The phase
xchange between water and vapor is a source and sink term.
The governing equation of vapor ﬂow is
Sg
patm + pv
∂pv
∂t
− ∂Sg
∂s
∂(pv + pa − pl)
∂t
− ∂
∂xi
[
SgD
∂ωv
∂xj
+ krgkvij
v
(
∂pv
∂xj
+ vgi
)]
= − l
v
jlg (11)
The governing equation of dry air ﬂow is similar to that of vapor
ow, without phase exchange term:
Sg
patm + pa
∂pa
∂t
− ∂Sg
∂s
∂(pv + pa − pl)
∂t
− ∂
∂xi
[
SgD
∂ωa
∂xj
+ krgkaij
v
(
∂pa
∂xj
+ agi
)]
= 0 (12)
here patm is the pressure of atmosphere; kaij is the intrinsic per-
eability of matrix, its apparent form also depends on Kundsen
iffusion effect; ωa is the mass fraction of dry air in gas mixture,
a = 1 − ωv.
.3. Mechanical and thermal models
.3.1. Mechanical model
Mechanical model is deemed based on thermal-elastic frame-
ork, which satisﬁes the equations of equilibrium. It is coupled
ith water ﬂow and heat transfer processes. The total equation for
echanical model can be written as
∂
∂xj
[
Dijkl
∂duk
∂xl
− (˛ldpl + ˛gdpg + BSl + 	dTs)ıij
]
+ dFi = 0
(i = 1, . . . , N) (13)
here uk denotes the displacement component of solid skeleton,
hich is a 3D vector; Dijkl is the stiffness of rock skeleton; ˛l and ˛g
re thedimensionless tangenteffective stressparameters, denoting
iquid and gas compressibility contribution to matrix deformation,
espectively; 	dTs denotes the thermal expansion of solid skeleton
ith change of solid temperature dTs; BSl denotes the moisture
xpansion of solid skeleton with change of liquid saturation; Fi
epresents the external forces.
Hydraulic model is based on two interacting continua: one
epresenting the liquid ﬂow and the other representing the gas
ow. Thus at every point in simulation space, two pressures are
ntroduced: one denoting the average liquid pressure and the other
enoting the average gas pressure.
The constitutive equation is written in terms of effective stress
ith advantage of complete expression with single effective stress
ariable rather than two or three independent stress variables. This
igniﬁcantly simpliﬁes the model and reduces model parameters.
n the other hand, special forces on solid skeleton can be added to
his equation easily..3.2. Heat transport model
Heat transport model includes three equations describing
nergy balance of solid, liquid and gas phases. In this model, it is
m
e
p
cotechnical Engineering 5 (2013) 145–155
ssumed that the three phase temperatures are not in local thermal
quilibrium, neglecting the increase in the internal energy due to
hearing:
∂
∂xi
(
nssij
∂Ts
∂xj
)
= nssCs
(
∂Ts
∂t
+ vsi
∂Tl
∂xi
)
− Ts[(˛l − nl)cT
−ns
lgT ]
∂pl
∂t
− Ts[(˛g − ng)cT + ns
lgT ]
∂pg
∂t
+ Ts	 ∂
2ui
∂t∂xi
+ sl(Ts − Tl) + sg(Ts − Tg) (14)
here ns is the mass fraction of solid phase; Ts, Tl, Tg are temper-
tures for solid, liquid and gas phases; s is the density of solid;
si is the solid skeleton velocity; cT is the isothermal heat capac-
ty; 
lgT is the change in the pore liquid space due to a change in
he curvature of the liquid–gas interface; ng is the mass fraction
f gas; ui is the solid deformation; sij is the thermal conductivity
f solid phase; Cs is the heat capacity of the solid; sl denotes the
eat exchange ratio between the solid and liquid phases; and sg
enotes the heat exchange ratio between the solid and gas phases
Khalili and Khabbaz, 1995).
Similarly, energy balance equations of liquid and gas are listed
n Eqs. (15) and (16), respectively:
∂
∂xi
(
nllij
∂Tl
∂xj
)
= nlCll
∂Tl
∂t
− nl(clT − 
lgT )Tl
∂pl
∂t
− nl
lgTTl
∂pg
∂t
+ Ll〈jlg〉 − ClljlgTl + ls(Tl − Ts) + lg(Tl − Tg)
+nlCllvli
∂Tl
∂xi
(15)
∂
∂xi
(
nggij
∂Tg
∂xj
)
= ngCgg
∂Tg
∂t
+ ng
lgTTg
∂pl
∂t
−ng(cgT + 
lgT )Tg
∂pg
∂t
− Ll〈 jlg〉 + Cgl jlgTg
+gs(Tg − Ts) + gl(Tg − Tl) + ngCggvgi
∂Tg
∂xi
(16)
here lij and gij are the thermal conductivities of liquid and gas
hases, respectively; clT is the isothermal heat capacity for liquid;
lg is the heat exchange ratio between liquid and gas phases; vli and
gi are the liquid and gas velocities, respectively; g is the density
f gas; cgT is the isothermal heat capacity of gas; Cl and Cg are the
eat capacities of liquid and gas phases, respectively; L is the latent
eat of vaporization.
Besides heat exchange between solid and liquid, the energy
ransport due to phase change is considered in these equations by
erm.
. Simulation of water transport
.1. Calibration
The main objectives of calibration are to verify numerical mod-
lsof theprocessesoccurringduringventilationand togain suitable
arameters. This ﬁrst-step study concerns a laboratory experiment
hich was originally designed to offer the possibility to calibrate
palinus clay’s parameter set, and to provide information to help
odeling the in situ VE (laboratory drying experiment by Floría
t al. (2002)). In order to obtain data about relevant rock hydraulic
arameters, rock samples were subjected to desaturation under
ontrolled climatic conditions. The drying test was designed to
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PFig. 2. Drying chamber for ventilation test (Garitte and Gens, 2008).
easure the actual rate of evaporation from three core samples
f Opalinus clay. The rock samples and a water pan were tested
nside a drying chamber under controlled conditions (tempera-
ure =30 ◦C, relativehumidity (RH) =33%andair ﬂowrate =0.5m/s)
peciﬁcally prepared for this purpose (Fig. 2). The core samples
ere isolated to allow water evaporation exclusively from their
op surface.
We used enhanced FRT-THM simulator (ﬁnite element method
ode developed and applied in DECOVALEX-THMC research (Liu
t al., 2006)) to solve the governing equations described above for
he analysis of coupledmultiphaseﬂow, phase exchange, and capil-
ary suction.A3Dmodel is createdwithnon-ﬂuxboundaries except
or top boundary in the simulation, and the parameters are shown
n Table 2. Top boundary condition represents that air and vapor
xchange between core sample and tunnel space.
Fig. 3 presents the evolution of pore pressure (water, vapor and
ry air pressure) of rock samples during the drying test. It is shown
hat values of all pressures and their gradients at the top of the
ample are less than those at the bottom. That means the water
oisture transports upward in the form of vapor during the dry-
ng process. In the early time of drying test, liquid occupies more
olume in sample bottom than gas, thus it is more difﬁcult to com-
lete phase exchange from water to vapor and to form effective
ransportation path from bottom to top.
Mun˜oz et al. (2001) carried out simulation for water content
roﬁle of these three samples. Fig. 4 presents the comparison of
heir results and ours. It can be seen that both their and our results
re quite similar to the long-run measurements.
Fig. 5a shows thecomparison forwater contentproﬁlesbetween
participant research teams in D2011 task A. It can be seen that
here is a good agreement which gives conﬁdence in modeling
he processes occurring during ventilation and identiﬁcation of the
palinus clay’s parameters sets.
We ﬁnd that simulation results are very sensitive to intrinsic
ermeability, relative permeability and capillary pressure. Fig. 5b
resents comparison of water loss evolution for different ﬁtting
urves of controlled RH data in the drying test. One is an exponen-
ial function of time and the other is constant RH value of 33%. The
alculatedRHvalue fromexponential functionwould be5–14% less
han the constant RHvalue.However, themodeling results ofwater
oss evolution for these two different ﬁtting curves of RH data do
3
t
able 2
arameters for argillaceous column model.
Retention curve (modiﬁed van Genuchten model) Relative per
Genuchten m
se =
[
1 +
(
pg−pl
Pa
)(1/(1−))]−(
1 − pg−plPs
)s
krl =
√
se[1 −
(0 < se < 1, pa = 3.9MPa, =0.128, s = 2.73, Ps = 700MPa) (0 < Se < 1, ig. 3. Simulation results of pore pressure evolution (water, vapor and dry air pres-
ure) of samples in drying test.
ot have much difference. It means that this hydraulic model is
ccurate enough, which provides necessary base for THM simula-
ion, since parameters of mechanical model are strong functions of
he water content in Opalinus clay.
After calibration, hydraulicparameters sets for theOpalinus clay
ere derived on the basis of the laboratory drying test..2. Simulation on water transport around ventilation tunnel
We carried out simulation on water transport around ventila-
ion tunnel. In concept model, the only way moisture exchanges
meability (van
odel)
Porosity Initial suction
(1 − se1/)]
2
0.16 0 (fully saturated)
=0.68)
150 C. Zhang et al. / Journal of Rock Mechanics and Geotechnical Engineering 5 (2013) 145–155
(a) Water loss (left: work by CAS; right: from Muñoz et al., 2001).
(b) Water content (left: work by CAS; right: from Muñoz et al., 2001).
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iig. 4. Measured and computed results for water content, compared with Mun˜oz
amples).
etween rock mass and tunnel space is movement of vapor
hile water can transport through rock pore space in liquid
nd gas phase (see Fig. 6). Gas is a mixture of dry air and
apor.
The ventilation rate and the humidity of the inﬂow-air were
aried during the three successive desaturation phases. The mean
H and the evaporation coefﬁcient of the test section air were esti-
ated and presented in Table 3.
In this VE, temperature of inﬂow air is set to a ﬁxed value,
5 ◦C, and each part of water–vapor–air system has nearly the
ame temperature even affectedbyheat transfer from far ﬁeld rock.
herefore, the inﬂuence of temperature on moisture transport can
e ignored.
A 2D hydro-mechanical plane-strain analysis was performed in
AS’s simulation. Fig. 7 shows the domain size, numerical grids
nd boundary conditions used. It consists of 1566 elements in 2D
imulation. The vertical total stress (v) is assumed to be a principal
tress and equal to the lithostatic stress. At the tunnel location, the
nitial ﬁeld stress is v = 6.4MPa, horizontal stress H =2.04MPa,
nd the initial water pressure is 1.94MPa.
The hydraulic parameters sets which include important water
etention and relative permeability properties of Opalinus clay are
he same as those used in the calibration modeling. The applied RH
t
e
t’s work (water loss at different times and water content evolution for the drying
oundary condition on tunnel surface in our simulation can be seen
n Fig. 8.
Fig. 9 shows the simulation results of water content in rock near
unnel surface during several desaturation–resaturation cycles. In
ig. 9a, some differences can be seen in initial condition between
easurements and settings by different teams. However, there is a
ood agreement shown in Fig. 9b for the ﬁrst dry-out, Fig. 9c for the
econd saturation and Fig. 9d for the third saturation. It shows the
ey characteristics of water transport process in argillaceous rock
round VE tunnel. The range of the partially desaturated zone was
stimated to 0–30 cm near tunnel surface, no deeper than 50 cm
nto rock, in the 4-year test.
.3. Mechano-hydraulic coupling
When mechano-hydraulic coupling is performed, evolutive dis-
lacement on tunnel surface will appear in simulation. Relevant
arameters for moisture swelling and mechanical properties used
n simulation are listed in Table 4.Fig. 10 shows the simulation of displacement evolution on
unnel surface during ventilation. In general, rock mass tends to
xpand when saturated and to shrink when desaturated. It seems
hat the total displacement is very limited, less than 2mm, while
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Table 3
Experimental condition in Mont Terri tunnel test section.
Phase Starting date to ending date Temperature in section air (◦C) Calculated time in
our model (day)
Estimated RH in
section air (%)
0 2/1999 15 −1000 85
1 5/7/2002–1/8/2002 15 0 85
1/8/2002–1/4/2003 27 93
1/4/2003–12/6/2003 270 95
12/6/2003–3/7/2003 342 84
3/7/2003–26/1/2004 363 47
26/1/2004–29/1/2004 570 15
2 29/1/2004–2/2/2004 15 573 60
2/2/2004–11/7/2005 575 100
11/7/2005–22/2/2006 1104 15
22/2/2006–8/3/2006 1331 50
8/3/2006–24/9/2006 1355 10
24/9/2006–8/12/2009 1555 100
8/12/2009 2725 100
Table 4
Mechanical properties of the Opalinus clay.
Solid grain density (kg/m3) Moisture swelling coefﬁcient Poisson’s ratio Young’s
modulus (GPa)
s %)
c
b
e
b
m
t
m2710 1.1×10−4 (when unit of
degree of liquid saturation i
ompared to large range of RH of air in tunnel. However, it should
e noticed that results from different research teams are close to
ach other while measurements show much more scatter. It has to
e explained by heterogeneous moisture swelling property or per-
eability in rockmass ifmeasurements are correct.Maybe they are
Fig. 5. Simulation results for water content in rock mass.
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he main reasons which cause larger unstable movement of rock
ass around tunnel.
On the other hand, mechanical effect on water ﬂow should be
onsidered in simulation.We carried out a comparative simulation,
ncluding Case 1 and Case 2, to see how the increase of perme-
bility induced by excavation damaged zone (EDZ) affects water
ransport in surrounding rock. In Case 1, intrinsic permeability is
= 1.1k0,which is used in former simulation. It representsnodam-
ge during the desaturation–resaturation cycles. In Case 2, intrinsic
ermeability k is set to 0.7k0–2.8k0 in EDZ, varying linearly from
mdeep to tunnel surface,which represents damage zone induced
y desaturation–resaturation cycle, as shown in Fig. 11.
Comparative water ﬂux through vapor into VE tunnel
ith/without damage by EDZ is shown in Fig. 12. Damage induced
ermeability increase can cause more water ﬂux into tunnel espe-
ially in desaturation phase. Therefore, total water loss is much
igher than the case without increased permeability, which can be
een in Fig. 13. Displacement evolution on tunnel surface shows
he same trend, but the value of rock shrinkage is limited (Fig. 14).
.4. Hydro-chemical couplingChemical solute transports via liquid water ﬂow in rock. The
overning equation for solute chloride (Cl) transport is listed in
q. (17), including diffusion and advection in water. In reverse,
ig. 6. Schematic diagram of water transport in rock and interaction with tunnel
ir.
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onditi
c
ﬂ

w
ﬂ
s
p
t
f
1Fig. 7. Numerical grids and boundary c
hemical solutegradientprovides additional driving force forwater
ow, which is introduced in Eq. (7):
Sr
∂c
∂t
+ ∇ · (−SrDe∇c + uc) = Sc (17)here c is the solute concentration,u is the velocity vector ofwater
ow, De is the effective diffusion coefﬁcient, Sr is the degree of
aturation, and Sc is the source term.
s
b
aons for moisture transport simulation.
We performed a simulation to see how solute Cl transports in
orous rock near VE tunnel and how osmotic ﬂow affects solute
ransportation.
In simulation, the value of De is set to 10−11 m2/s, a value
rom laboratory measurement in OPA sample (De Windt and Palut,
999). The chemical permeability k˘ is set to 0.1k, representing
trong osmotic effect (Harrington and Horseman, 1999).
Also we set ﬁxed far ﬁeld constant boundary and no Cl ﬂux
oundaryat tunnel surface for solute chloride (seeFig. 15, geometry
lso see Fig. 7).
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Fig. 8. Boundary condition of relative humidity.
Fig. 9. Water content in rock near tunnel surface. BVE 104, BVE 108 and BVE 111
represent measurements in borehole of VE.
Fig. 10. Displacement on surface of VE tunnel.
Fig. 11. Schematic diagram of increase of permeability induced by EDZ during
desaturation–resaturation cycle.
Fig. 12. Water ﬂux into VE tunnel with/without EDZ.
Fig. 13. Water loss evolution with/without EDZ.
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Fig. 14. Displacement with/without EDZ.
Fig. 15. Numerical grids and boundary conditions for solute transport simulation
with hydro-chemical model.
Fig. 16. Cl concentration evolution in rock near tunnel surface.
Fig. 17. Cl concentration evolution at tunnel surface.
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Fig. 16 shows evolution of solute concentration of chloride at
unnel surface. It is strongly related to desaturation–resaturation
ycle. After a long term of desaturation, concentration of chloride
eaches its peak (before 26 January, 2004), and then goes down
ecause of more and more water comes from surface in resatura-
ion phase (before 1 May, 2005). In Fig. 17, it can be found that
here is very little difference of concentration of chloride between
he cases with and without osmotic ﬂow. It seems that osmotic
ow has little signiﬁcance on water ﬂow modeling (less than 1% of
lassical Darcy ﬂow in general).
. Conclusions and discussion
1) Coupled THMC model including a three-phase and two-
constituent hydraulic sub-model is established. It is used to
simulate the processes occurring during ventilation and to
explore the Opalinus clay’s parameter set, including desat-
uration/resaturation in the rock, real phase change, air/rock
interface and chemical solute transportation. Simulation
results show the effectiveness of the proposed THMC formu-
lation.
2) For the research work in D2011, 5 research teams performed
simulations of a laboratory drying test and a VE for Mont Terri
underground laboratory. Comparisons between simulation
results and experimental observations show good agreement.
3) Simulation results ofmoisture transportation are very sensitive
to intrinsic permeability, relative permeability and capillary
pressure. The determination of parameters including hetero-
geneity is important to achieved good agreement between
experimental and simulated results.
4) Chemical solute transport in the rock near VE tunnel was sim-
ulated based on THMC formulation. It can be estimated that
osmoticﬂowhas little signiﬁcanceonwaterﬂowmodeling (less
than 1% of classical Darcy ﬂow).
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